Metamaterials (MMs) and photonic crystals (PhCs) exhibiting artificially engineered physical properties have been widely studied in the past decade. However, abnormal properties could only be proposed under a limited range of polarization and directions in most of the previous studies. It is still a challenge to realize an isotropic artificial material with multiple exotic electromagnetic properties. Here we report a three-dimensional metacrystal supporting full polarization and omni-directional incidence. The center-symmetric unit cell consists of non-resonant closed metallic loops on each surface of the dielectric cube. With the cross-scale dispersion engineering, the metacrystal can exhibit an isotropic diamagnetic response and an all-angle negative index of refraction simultaneously at the opposite sides of the MM-PhC transition region. An additional numerical analysis shows the good performance in terahertz and mid-infrared frequencies, which indicates its potential applications on multi-functional optical components with wide polarization-and-direction allowance. Metamaterials (MMs) [1] [2] [3] and photonic crystals (PhC) [4] brought breakthroughs on novel electromagnetic and optical devices in the past decade, such as invisibility cloaks [5, 6] , absorbers [7, 8] , compact guiding components for surface plasmon polaritons [9-11], wireless energy transfer devices [12, 13] , and subwavelength imaging devices [14] [15] [16] . Either MMs or PhCs are composed of periodic structures, despite the fact that they have different physical insights regarding the electrical scales of unit cells. As long as the functional transition and switch between the MMs and the PhCs can be achieved, more degree of freedom could be adopted to design artificial media and their applications [17] .
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Today, most of the proposed MM/PhC-based devices can only achieve their functionalities in limited polarizations and directions due to the spatial anisotropy [18] [19] [20] [21] . The major bottlenecks on the realization of three-dimensional (3D) isotropic artificial media are the fabrication technique limitation, the resonant loss, and the narrow allowance on the polarization and incident direction in complex structures [22] [23] [24] [25] [26] [27] [28] . With the recent progress on out-of-plane lithography [29, 30] , it is experimentally feasible to create metallic patterns on every face of the substrate cube, which may pave the way for optical meta-devices from anisotropy to isotropy. Besides the difficulty mentioned above, the method for achieving a magnetic response at high frequency would also influence the performance of meta-devices.
Here we present an experimental demonstration of novel 3D isotropic metacrystals. The metacrystal unit cell consists of concentric metallic loops on each surface of the hollow cubic substrate. The all-angle negative index of refraction and broadband isotropic magnetic response are realized simultaneously in a single metacrystal. As the physical governing models vary at the opposite sides of the MM-PhC transition region, the design method could be treated as the cross-scale dispersion engineering. Additional numerical simulations show that the proposed metacrystal could exhibit a notorious optical magnetic response and negative index of refraction over the terahertz and mid-infrared frequencies.
We start with the metacrystal design at microwave as a proof of concept, which is illustrated in Fig. 1 . The unit cell is constructed by metallic closed loops on every surface of the F4B dielectric cube with relative permittivity of 2.55 and loss tangent of 0.0015 at 10 GHz. The outer radius and the width of the metallic closed loop are r o 2.8 mm and w 0.15 mm, respectively. The periodicity of the unit cell is P 6 mm along each direction.
To study the electromagnetic characteristics of a metacrystal, a plane wave is illuminated along the z direction. Two Bloch-Floquet ports in the z direction and unit-cell boundary conditions in the x and y directions are employed in the Letter simulation. Due to the fact that the metacrystal unit cell is center-symmetric, the electromagnetic isotropy is expected at a deep subwavelength scale. Through the retrieval results in Fig. 2 (a), one can see that the real part of effective permeability is less than unity with little dispersion over the broad frequency range over 1 to 10 GHz which is far away from the first Brillouin zone [31] . When the frequency reaches the first Brillouin zone, the effective constitutive parameters vary rapidly. Figure 2 (b) presents the refractive index and the first Brillouin zone. The negative index of refraction is retrieved from scattering parameters. The imaginary part of the permeability and refraction index at a low frequency range is close to zero, which is a desirable property for practical meta-device design. To verify the validity of the effective parameters closed to the first Brillouin zone and angular robustness, we adopt far-field radiation pattern method to calculate the real part of an effective refractive index. A piece of metacrystal wedge is used in the calculation. The shadow areas represent the frequency bands, where effective parameters extracted from the far-field radiation method are due to the markedly loss. One can see that the results via two methods agree well. Although the imaginary part of permeability shows negative values, it is still physically meaningful because the both the imaginary part of the refractive index and real part of impedance keep positive simultaneously, without violating energy conservation. Similar phenomena and physical mechanism were observed and discussed in Refs. [32] [33] [34] [35] as well.
When frequency increases, the characteristics of the metacrystal could be converted from MMs to PhCs [17] . The k-surface analysis could be adopted to study the mechanism of negative refractive propagation for PhC materials. Figure 3(a) illustrates the band diagram of the metacrystal from 5 to 15 GHz.
The isofrequency contours of bands in the shadow region are plotted in Fig. 3(b) for the lower frequency region (e.g., from 10.5 to 11.5 GHz) and 3(c) for the higher region, respectively. One can see that there is a mixed frequency band in which the isofrequency contours are all convex [the shadow region of Fig. 3(a) ]. As the frequency band is below the frequency ω < 0.5 × 2πc∕P, the metacrystals could achieve an omni-directional negative refraction, according to the conditions that the isofrequency contours of the metacrystal are convex and larger than those of air [20, 21] . In Fig. 4 , we select the equal-frequency contours of 11.2 and 11.8 GHz in k surface as examples to show more information. Regarding the air-PhC interface shown in Fig. 4 in detail, the propagating modes with clear refractive characteristics could be determined by the conservation of frequency and the tangential components of the wave vector. As long as the contour is convex everywhere, waves from air could find a mode propagating into the metacrystal on the negative side of the interface. Note that the radius of isofrequency surfaces of the metacrystal should be larger than those of air. Otherwise, the propagating mode cannot be found, and an exponential attenuation of wave amplitudes will occur. Under such conditions, all-angle negative refraction could occur at the interface. The magnetic response and negative refraction rely on different dispersion management over the different electrically scale level. We treated this method as the cross-scale dispersion engineering.
Next, we fabricated a triangular metacrystal prism to verify the phenomena of the negative refraction in practice. The electrical field distribution refracted by a triangular metacrystal prism is measured in a parallel-plate waveguide, as shown in Fig. 5(a) . The triangular prism consists of 21 × 11 × 3 unit cells along the x, y, and z directions, respectively. The metallic plates of the waveguides perform as a pair of electrical boundaries, which indicate the metacrystal sample with finite thickness could mimic infinite periodicity along the z direction. The incident wave is generated by a lens antenna. Absorbing materials are used to help the incident waves normally encounter onto the metacrystal prism at the position x 250 mm. The electric field of the incident wave is along the z direction. To simplify the fabrication complexity, we fabricate the metacrystal with a comb-like dielectric holder in practice. The closed loops are printed on the wall of the comb, which is made of F4B substrate with the thickness of 0.5 mm. The numerical electrical field distributions of this triangular metacrystal prism are plotted at 8 and 12.5 GHz in Figs. 5(b) and 5(c), respectively.
One can see that the metacrystal performs as a right-handed medium at 8.5 GHz, because the wave vectors of the refracted wave and incident wave lie at the opposite semi-space of the normal plane while, for the case of 12.5 GHz, the transmitted wave and incident wave occur at the same side of the normal plane, indicating that the metacrystal performs as a left-handed material.
The experimental transmitted electric field distribution was mapped with a LINBOU automatic 3D scanning platform, as shown in Figs. 5(d) and 5(e) . The imaging plane in the experiment is marked as the white dashed-dotted line in Figs. 5(b) and 5(c), with the scanning area of 500 mm × 5 mm in the x-z plane. The scanning step width in the experiment is 1 mm in each direction. The positions of the refractive hotspots imaged by the probe at 8.5 and 12.5 GHz are marked by the red and yellow triangles, respectively. For the case of 8.5 GHz, as shown in Fig. 5(d) , the transmitted beam and incident beam occur at the opposite semi-space separated by the normal plane. For the case of 12.5 GHz, as shown in Fig. 5(e) , the transmitted beam is refracted to the same semi-space by the metacrystal prism. Therefore, the same negative refraction phenomena are observed in experiments as the simulation ones in Figs To explore the metacrystal performance at the terahertz and infrared regions, the periodicities of the unit cell for 12.5 and 50 THz are scaled from the geometry in Figs. 1 to 6 and 1.5 μm, respectively. The material of the closed loop used here is 0.1 μm thick gold, whose dispersion is determined with the plasma frequency of 2π × 2.175 × 10 15 s −1 and collision frequency of 2π × 6.5 × 10 12 s −1 [36] . The optical printing resist, SU-8, could be employed here as the supporting material. From the retrieval results shown in Fig. 6 , one can see that the negative index refraction and broadband diamagnetic response could be achieved around 12.5 and 50 THz, respectively. Therefore, the metacrystal design is still functionally feasible in optical frequencies.
In conclusion, we have demonstrated a 3D metacrystal in both simulations and experiments. The diamagnetic response and negative index of refraction could be achieved in the same metacrystal structure simultaneously. Besides, the experimental demonstrations at microwaves, the practical feasibility at optical frequencies has been proved as well. Such multiple functional electromagnetic properties rely on different physical models between the MM and PhC. This functional realization, which is based on different dispersion management over the different electrical scale levels, could be treated as the cross-scale dispersion engineering. This Letter provides convincing evidence on the application of cross-scale dispersion engineering for the design and integration of multi-functional meta-structures and meta-devices with wide polarization-and-direction allowance.
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